propagons ͉ Hsp104 ͉ ␣-factor
Guanidine hydrochloride (Gdn⅐HCl) blocks the propagation of yeast prions by inhibiting Hsp104, a molecular chaperone that is absolutely required for yeast prion propagation. We had previously proposed that ongoing cell division is required for Gdn⅐HCl propagons ͉ Hsp104 ͉ ␣-factor P rions, first identified as novel protein-only infectious agents associated with mammalian transmissible spongiform encephalopathies (1) , are also found in the yeast Saccharomyces cerevisiae (2, 3) . Each of the three yeast prions described so far define a specific, stable epigenetic trait that is transmitted to daughter cells, indicating that a mechanism must exist by which the altered conformational state of the prion protein is effectively propagated. Much of what we know about this mechanism of propagation has come from in vivo and in vitro analysis of the yeast [PSI ϩ ] prion (4), a conformationally distinct form of the translation termination factor Sup35p (eRF3).
Mutations in either the N-terminal prion-forming region of Sup35p (5, 6) or in the gene encoding the molecular chaperone Hsp104 (7) can result in rapid loss of the [PSI ϩ ] prion. The addition of millimolar concentrations of guanidine hydrochloride (Gdn⅐HCl) also will lead to rapid elimination of [PSI ϩ ] (8-10) through inhibition of Hsp104 activity (11) (12) (13) (14) . These and other data (e.g., ref. 15 ) support a model in which Gdn⅐HCl-mediated elimination of the [PSI ϩ ] prion is a direct consequence of its inhibition of the ATP-driven disaggregation function of Hsp104.
After the addition of Gdn⅐HCl to a growing culture of [PSI ϩ ] cells, a lag of four to five cell generations is observed before prion-free [psi Ϫ ] cells appear, which is followed by an exponential decline in the frequency of [PSI ϩ ] cells that exactly matches the exponential cell multiplication. Based on these kinetics of [PSI ϩ ] loss, we proposed that Gdn⅐HCl-mediated inhibition of Hsp104 leads to a failure to generate new ''propagons,'' i.e., prion seeds, that need to be transmitted to daughter cells to propagate [PSI ϩ ] (10, 14, 16, 17) . Ongoing cell division then leads to a dilution of the propagons in subsequent generations until eventually cells fail to inherit any propagons and become [psi Ϫ ].
There is an underlying assumption that prion material is particulate and that a single prion particle, i.e., the propagon, is (10, 19, 20) or by estimating the numbers in individual cells (17) . Importantly, n 0 shows an exponential decline during the lag phase of curing equivalent to the rate of dilution because of cell multiplication. The number of propagons rapidly recovers when cells are returned to Gdn⅐HCl-free medium consistent with Gdn⅐HCl-mediated inhibition of Hsp104p activity being readily reversible (16 ␣-factor, the cells emerged from growth arrest, and the number of CFUs then increased exponentially with a doubling time (1.7 h) that matched that of the untreated cells (Fig. 1c) . The time required to double the numbers of CFUs was similar to the halving time of the decline in the proportion of [PSI ϩ ] cells in the exponential phase of curing in either culture (1.9 h). As observed by Wu et al. (21) , [ psi Ϫ ] cells began to appear Ϸ17-18 h after ␣-factor addition to the culture (Fig. 1a) , some 6 h before any cell multiplication was apparent. 780-1D therefore appeared to show atypical behavior with respect to the length of ␣-factor arrest of cell growth, which may start 4 h after addition of ␣-factor in some cells and continue for several hours throughout the population of cells.
The experiment was repeated by using an unrelated MATa [PSI ϩ ] strain, YJW512 ( Fig. 1 b and d) . Because growth (but not viability) of this strain was compromised in 5 mM Gdn⅐HCl, a concentration of 3 mM was used because it had no effect on growth or ␣-factor arrest and release in this strain. Furthermore, the kinetics of [PSI ϩ ] loss plotted per cell generation was identical in 3 and 5 mM Gdn⅐HCl (data not shown). Essentially, the pattern of [PSI ϩ ] curing seen was similar to that observed for 780-1D (compare Fig. 1 a and b) , except that the displacement between the arrested and growing cultures was 8.5 rather than 5.5 h. As with 780-1D, the doubling time of growth and the halving time of [PSI ϩ ] elimination for YJW512 were very similar. However, YJW512 seemed to emerge from ␣-factor arrest after 14-16 h, Ϸ6-8 h earlier than 780-1D (compare Fig. 1 c and d) (Fig. 1) , leading us to consider the possibility that emergence from arrest was obscured by pheromone-induced cell death (22, 23) . By using the vital stain phyloxin B (24), cell viability was monitored in cultures of 780-1D and YJW512 over a 48-h period in the presence of 5 mM Gdn⅐HCl with or without 5 or 50 M ␣-factor (Fig. 2a) . A concentration of 5 mM Gdn⅐HCl was used with YJW512 for purposes of comparability. The results demonstrate that ␣-factor induced a much higher level of cell death in 780-1D compared with YJW512. Dead 780-1D cells first appeared after 6 h in ␣-factor, with Ϸ50% of the cells dead by 30 h compared with Ϸ15% dead for YJW512 at the same time point (Fig. 2a) . 780-1D showed the same extent of killing in the absence of Gdn⅐HCl or in 3 mM Gdn⅐HCl (data not shown). In assessing the potential impact of a high level of 780-1D lethality in ␣-factor, Wu et al. (21) only took a sample that corresponds to the 48-h time point in Fig. 2a where viability is approximately that seen at the start of the experiment.
Phyloxin B staining also revealed that it was mostly buds of 780-1D that died (e.g., Fig. 2b i and ii), although some dead schmoos with a viable bud not under ␣-factor arrest were evident (e.g., Fig. 2b iii). Dead, unbudded schmoos were not seen. In the YJW512 culture, where there were many fewer dead cells, it was predominantly single, unbudded cells that stained with Phyloxin B (data not shown).
These data led us to suggest that as 780-1D cells begin to emerge from ␣-factor arrest, death is confined to such cells or their buds. (20) . The model was adapted to allow for 50% random inviability of cells, however caused, after the addition of Gdn⅐HCl (data not shown). Running the model with this modification showed such a level of cell inviability to have no effect on the kinetics of Gdn⅐HCl-induced elimination of [PSI ϩ ] compared with a cell population modeled with 100% viability. Rather, cell death merely changed the measurable growth rate (as defined by numbers of CFUs as a function of time). A growth rate of zero (see Fig. 1c ) may therefore appear to indicate a lack of cell division; however, inviability merely obscures a normal rate of cell division that is counterbalanced by a high rate of cell death. Our simulation with 50% inviability closely resembled the data reported by Wu et al. (21) . A full account of the application of this model will be reported elsewhere (L.J.B., D.J.C., B.S.C., M.S.R., B.J.T.M., and M.F.T., unpublished results).
Propagons Are Not Destroyed in the Presence or Absence of ␣-Factor.
Wu et al. (21) proposed that in ␣-factor-arrested [PSI ϩ ] cells, Sup35p prion aggregates are degraded by a Gdn⅐HCl-insensitive (i.e., an Hsp104-independent) mechanism, which would result in the generation of nonpropagatable forms of Sup35p, leading in turn to the generation of [psi Ϫ ] cells. Consequently, in Gdn⅐HCl-treated cells, n 0 , the total number of propagons, would be expected to decrease with time, whether or not the cells were multiplying, and thus the numbers of [PSI ϩ ] cells would decline in the culture as a whole. To test this hypothesis, 780-1D was grown in 5 mM Gdn⅐HCl in the presence or absence of 50 M ␣-factor, and the number of CFUs was estimated over time (Fig. 3a) . In the absence of ␣-factor, cells grew exponentially with [psi Ϫ ] cells first appearing at 12 h (cf. Fig. 1 ). Between 12 and 20 h, the number of [PSI ϩ ] colonies reached a maximum asymptotically and then remained constant while the overall colony titer continued to increase exponentially (Fig. 2a) . This is the time period when [PSI ϩ ] elimination was observed (Fig.  1a) . Any destruction of propagons would lead to a decline in the number of [PSI ϩ ] cells in the culture, but such a decline was not observed.
In the ␣-factor-arrested culture of 780-1D, a steady decline in total CFUs was observed beginning at the 6-h time point (Fig.  3 a and b) . The [PSI ϩ ] fraction of the population continued to decline at the same rate (Ϸ7% per h) until only 10% of the original numbers of [PSI ϩ ] CFUs were present. After Ϸ15 h, the first [psi Ϫ ] colonies appeared and their numbers then increased exponentially with a doubling time equal to the normal growth rate in YEPD with 5 mM Gdn⅐HCl (60% per h). The emergence of the [psi Ϫ ] fraction largely accounts for the observed increase in CFUs beginning after 22-24 h because any [PSI ϩ ] cells remaining after release from arrest would represent only a small fraction of the total CFUs (Fig. 3b) . The rate of increase in the numbers of [psi Ϫ ] cells cannot be accounted for by the rate of decline in numbers of the [PSI ϩ ] cells (60% per h increase vs. 7% per h decrease). Furthermore, the increase in percentage of 780-1D viable cells seen 30 h after the addition of ␣-factor (Fig.  3a) coincided well with the observed exponential increase in CFUs measured after release from ␣-factor arrest (Fig. 3b) .
Fig. 3c models these data by using rate parameters derived from the data shown in Figs. 1 a and c and 3 a and b for the 780-1D strain. It is estimated from these figures that there is a segregation lag of 10 h before [psi Ϫ ] cells are first observed and the estimate that this strain comes out of ␣-factor arrest after 6 h (see above). This modeling (Fig. 3c) gives a good match to the observed values (Fig. 3b) . In addition, we predicted the numbers of [psi Ϫ ] CFUs had the decline in numbers of [PSI ϩ ] cells been because of the loss of propagons rather than cell death (Fig. 3c , dashed line and filled symbols). None of our data (Figs. 1 and 3) showed such a trend. The [psi Ϫ ] cells therefore could be descendents of a small minority of cells that came out of arrest some 10 h earlier (see below), whereas the loss of [PSI ϩ ] cells is clearly not a consequence of destruction of propagons. [psi -] (growth) ( ) media-exchange experiments was conducted. In the first, 50 M ␣-factor was added to a 780-1D culture that had already been growing in 5 mM Gdn⅐HCl for 10 h. If [PSI ϩ ] elimination was independent of cell division, arresting cell division at this stage, just before the emergence of the first prion-free cells (see Fig.  1c ), would not affect [PSI ϩ ] loss, which should continue unabated. However, a delay of Ϸ10 h was then observed before [psi Ϫ ] cells appeared in the culture (Fig. 4 a and c) , and curing then continued with the kinetics characteristic of this strain (cf. Fig. 1a) . No increase in CFUs was observed during this period. The delay in appearance of [psi Ϫ ] cells must be the consequence of the ␣-factor arrest, and once cells emerged from arrest, cell division (albeit masked by cell death in 780-1D) would have continued the generation of [psi Ϫ ] cells that had been initiated before the addition of ␣-factor at the 10-h time point.
In a second set of experiments, 780-1D was grown for 10 h in the presence of 5 mM Gdn⅐HCl/50 M ␣-factor, then washed and resuspended in fresh medium with 5 mM Gdn⅐HCl only. Cell division restarted immediately, but no process leading to [PSI ϩ ] elimination could have occurred during the 10-h period of arrest because there was a further lag of between 8 and 10 h before [psi Ϫ ] cells began to appear (Fig. 4 b and d) . This experiment essentially mimicked what happened in the ␣-factor arrested YJW512 cells, because, unlike 780-1D, YJW512 cells emerge naturally from arrest after this period (see Fig. 1 b and d) .
Because ␣-factor does not lead to an inhibition of protein synthesis in MATa cells (25) ] is a leucine auxotroph, so leucine starvation was used to arrest cell division in two different experiments: (i) arresting growth from the time of addition of the Gdn⅐HCl and at various times after growth in Gdn⅐HCl was started; and (ii) returning the arrested culture to growth by the addition of leucine 12 h later. An exact coincidence of loss of [PSI ϩ ] with an increase in both CFUs and cells was observed (Fig. 5) . Conversely, there was an exact coincidence of cessation both of [PSI ϩ ] elimination and of CFU or cell number increases even when cell multiplication was arrested at an advanced stage of curing (i.e., after 27.5 h). If prion elimination was due to any mechanism independent of cell division, stopping cell division at this stage should have no effect on the generation of prion-free cells; yet, it stopped. These data are entirely consistent with the existence of an absolute requirement for cell division for Gdn⅐HCl-induced elimination of [PSI ϩ ] but are not consistent with the proposition that prions are lost by degradation or by any mechanism independent of dilution by cell division. [PSI ϩ ] loss occurring only during cell division. This discrepancy in behavior relates to ␣-factor apparently arresting the growth of 780-1D for much longer than is normally observed, resulting in [PSI ϩ ] loss being delayed for several hours compared with nonarrested cells (Fig. 1) . As we now describe, the 780-1D cells show unusually high levels of inviability in the presence of ␣-factor with this inviability (Fig. 2a) , coinciding with the time at which release from ␣-factor arrest would be expected to occur (Fig. 1) . Using these data, we can model the kinetics of [PSI ϩ ] loss recorded in Fig. 3 a and b and can predict the outcome if loss of [PSI ϩ ] were the direct consequence of the observed decline in [PSI ϩ ] CFUs, which in turn result from the degradation of propagons (Fig. 3c) . These predictions bear no resemblance to our data or any other published data, so the latter prediction was falsified by the data.
Medium-exchange experiments were used to confirm the importance of ongoing cell division for Gdn⅐HCl-mediated prion loss without the added complication of compromising cell viability. Cells in Gdn⅐HCl were arrested or released from arrest by ␣-factor or by amino acid starvation, which resulted in a lag in curing coincident with the previous period of arrest (Figs. 4 and 5) . When the process of cell division was interrupted early or late by such an arrest, curing was interrupted ( Our attempts to repeat the findings reported by Wu et al. (21) using 100 M farnesol as an inhibitor of cell division were unsuccessful (data not shown). We note, however, that farnesol inhibits DNA ligase (26) , and the resulting growth arrest observed by Wu et al. (21) may actually be a consequence of inviability because of DNA damage, rather than arrest of the cell cycle and, as with ␣-factor, would mask any ongoing cell division. (8, 27) . There is also no sign of degradation during the lag phase of curing by Gdn⅐HCl, because dilution is sufficient to account for the rate at which loss of measured aggregated Sup35 occurs (10, 16, 19) . Satpute-Krishnan et al. (28) recently provided striking visual confirmation of this effect in vivo by using fluorescently labeled Sup35p.
Concomitant degradation would lead to a higher rate of loss of prion material. However, Wu et al. (21) To account for the lag in curing observed in both ␣-factor-and farnesol-arrested cells, Wu et al. (21) proposed that [PSI ϩ ] prion aggregates only become susceptible to degradation when they reach a certain size by accretion of newly synthesized Sup35p, which they suggested alone accounts for prion loss in the presence of Gdn⅐HCl, whether or not the cells are dividing. Soluble Sup35p does accumulate in Gdn⅐HCl-grown cells, and Sup35p extracted from cultures late in the lag phase of Gdn⅐HCl-mediated prion loss is indistinguishable at the molecular level. However, there is no evidence that this Sup35p is the product of degradation of prion aggregates; it is all newly synthesized (16, 28) .
Arresting cell division without arresting growth by using ␣-factor introduces an artifact in the form of oversize prion aggregates because of continued synthesis and accretion of Sup35p in the absence of Hsp104 activity (21) , and such an increase in aggregate size must also occur in actively dividing cell cultures (16, 28) . However, neither in exponentially growing cultures nor in the arrested ones is there a decline in the numbers of [PSI ϩ ] colonies during the postlag curing phases if one takes into account cell death caused by the presence of ␣-factor. Whatever happens to large, possibly ''dead-end'' aggregates, neither propagons nor prions degrade in these conditions. The accumulation of such aggregates, however, may lead to a defect in propagon transmission in ␣-factor-treated cells, which may account for the appearance of [psi Ϫ ] cells in ␣-factor-treated YJW512 cells only 6 h after the emergence from a-factor arrest rather than the typical 10-12 h (Fig. 1b) .
Counting Propagons. We have previously reported two methods for determining the number of propagons present in a [PSI ϩ ] cell that are based on our theory that propagons are dispersed and so cured by dilution during cell division in the presence of Gdn⅐HCl (10, 17, 19, 20) . Wu et al. (21) have called into question these methods by suggesting that [PSI ϩ ] cells found in dispersed colonies growing vigorously on Gdn⅐HCl are the result of lapse into stationary phase. This presumption is not supported by our observations. For example, [PSI ϩ ] cells reach a constant maximum number in, and do not disappear from, populations growing in the presence of Gdn⅐HCl. This finding together with reported correlations of propagon numbers with other factors, such as growth in Gdn⅐HCl or release from Hsp104 inhibition (16) , cannot be reconciled with supposed differences in the onset of stationary phase in the colonies sampled.
Although the validity of the assumptions made by Wu et al. (21) are clouded by a number of unexpected artifacts associated with the 780-1D strain, nevertheless their work does raise important questions about the inheritance of prions in both yeast and higher eukaryotes. Apart from the possibility that conditions may arise where propagons are completely degraded or returned to the nonprion conformer state, it seems that there can be problems in transmission, perhaps related to size of prion aggregates (16, 17, 28) or to the formation of complexes with nontransmissible cellular structures. There is also the intriguing possibility that in some conditions, prion aggregates may become dead-end products, neither active in accreting monomeric Sup35p nor infectious, as may happen for example to [URE3] when Ure2p is overexpressed (29) . Such would indeed be an effective pathway to eliminate [PSI ϩ ] and to generate prion-free [psi Ϫ ] cells without any need for further cell division. As such, it might not be pertinent to laboratory yeast, which are, by-andlarge, only definable as dividing cells, but it could be quite relevant to prions in yeast cells in their natural growth-arrested state or in mammalian cells such as neurons, which are terminally arrested.
